SUMMARY: The zoogeography of polychaete annelids was described for the Magellan region. This work considered information available from 19 expeditions carried out in the last 124 years of polychaete taxonomic research around the southernmost tip of the South American continental shelf. The polychaete fauna of the Magellan region comprised a total of 431 species belonging to 108 genera and 41 families. MDS and ANOSIM analyses showed the Magellan region to be divided into two subregions, one on the Pacific side of the tip of South America and one on the Atlantic side. These subregions showed a low percentage of "endemic species" (< 10%) whereas > 70% of the species recorded for the whole Magellan region showed a wide distribution range, and there were especially high affinities with Antarctic and Subantarctic areas. We suggest that the opening of the Straits of Magellan created a new pathway for enhanced exchange of faunal elements between the Pacific and the Atlantic. Transport of larvae via easterly directed currents of the West Wind Drift plays an important role in current distribution patterns of polychaete fauna around the tip of South America.
INTRODUCTION
Polychaetes have been considered for zoogeographical analysis in South America only in the last decade (Lancellotti and Vásquez, 1999; Fernández et al., 2000; Camus, 2001; Glasby and Alvarez, 1999) . They are thought to be inadequate indicators for zoogeographical purposes because of their wide geographical range at all taxonomic levels, and especially because of their long-distance dispersal SCI. MAR., SCIENTIA MARINA
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W.E. ARNTZ, G.A. LOVRICH and S. THATJE (eds.) Distributional patterns of shallow-water polychaetes in the Magellan region: a zoogeographical and ecological synopsis* AMÉRICO MONTIEL SAN MARTÍN 1,2 , DIETER GERDES 1 and WOLF E. ARNTZ capabilities. Paradoxically, polychaetes constitute worldwide a large portion of the total macrofauna of soft bottoms (Hutchison, 1998) , and with more than 16,000 species known so far, they are the fourth major group of marine invertebrates (Blake, 1995; Bouchet, 2000) . Although, with the exception of a few poorly-known ones, polychaete families occur in all oceans and at all depths, overview studies on species level, which would be required for zoogeographic analysis, are scarce in the polychaete literature, and the Magellan region is by no means an exception (e.g. Hartmann-Schröder and Hartmann, 1974; Knox and Lowry, 1977) . According to Knox (1957) more than 40% of the southern hemisphere polychaete species are thought to be cosmopolitans, but the poor knowledge of polychaete taxonomy and the low level of quantitative data might well be one reason for this unusually high percentage. The zoogeography of the Magellan region has been reviewed several times, but despite these studies the gain of knowledge has remained comparatively poor. Balech (1954) was the first to propose a scheme for the Magellan region, subdividing it into 5 districts: two on the Atlantic side (Santacruceño and Chubutiano), two on the Pacific side (Valdiviano and Chiloense) and the Fueguino district, which connects both sides at the tip of South America. Fifty-six years later and after several reviews (Viviani, 1979; Brattström and Johanssen, 1983; Carreto, 1983; Stuardo and Valdovinos, 1992; Lancellotti and Vásquez, 1999) , Camus (2001) questioned whether the Magellan region as a zoogeographic province should be extended into the Atlantic area off the South American coast.
Based on oceanographic and phytoplankton data, only two divisions at the tip of South America were considered by Longhurst (1998) : the Humboldt Current Coastal Province, stretching northwards over the entire Chilean Pacific coast, and the Falkland Coastal Province on the Atlantic side. From the zoogeographical point of view, the discussion about the limits between regions and provinces is still open, and for this reason we call the Magellan region a region and its subdivisions "subregions".
In this context the purpose of this investigation was, using all available polychaete data, to analyse whether the traditional subdivisions of the Magellan region are also recognisable on the basis of distribution patterns of polychaete species. Certainly the amount of information on polychaete distribution patterns is considerable and is based on almost 120 years of descriptive taxonomy. However, to our knowledge no one has ever tried to synthesize this bulk of data. This study checks the existing zoogeographical subdivisions in the Magellan region by using polychaete data (presence/absence) of species in the different regions and analyses the zoogeographical affinities with the Antarctic.
MATERIAL AND METHODS

Study area
Based on oceanographic conditions and topography, the tip of South America can be divided into three major areas: 1) Numerous channels and fjords on the Pacific side structured by the last glaciation periods (Syvitski et al., 1987) extend from about 42°S to 55°S in a section of the South American coastline with a wider shelf (Strub et al., 1998) . The mean width of the Pacific continental shelf is 6.54 km (Gallardo, 1984) . This area is under the influence of the Humboldt Current and the Cape Horn Current, both of which are branches of the West Wind Drift Current (WWD). The Subantarctic water can penetrate into the inlets (Silva et al., 1998) , whose depth may locally exceed 1000 m. The hydrographical regime is characterised by a strong freshwater input due to high precipitation and concomitant runoff, both producing a strong and shallow pycnocline (Dávila et al., 2002) . Sediments are characterised by silt and clay (Murray, 1895) , coarser sediments such as pebbles/gravel, and biogenic gravel from molluscs and barnacles which are also present at shallower depths (Brambati et al., 1991) . Three permanent ice fields, Campo de Hielo Norte (46-47 °S), Campo de Hielo Sur (48-52°S), and the Cordillera Darwin (54-55°S; Naruse and Aniya, 1992) , are responsible for freshwater supply to the fjord system.
2) The Straits of Magellan (52°58´S, 70°55´W and 53°43´S, 70°17´W) are a natural seaway connecting the Pacific with the Atlantic Ocean. Water depths reach 1200 m at the western entrance on the Pacific side (Antezana et al., 1992) . Currents decrease from 1m s -1 on the Atlantic side of the Straits to 0.2 m s -1 in the Paso Ancho (Michelato et al., 1991) . Primary production ranges seasonally between 282 and 1000 mg C m -2 day -1 (Guglielmo and Ianona, 1997) . Sediments mainly consist of sand and gravel with varying proportions of mud and shell debris; the distribution patterns appear rather heterogeneous, especially in the shallower parts of the Straits (Brambati et al., 1991) .
3) The Atlantic shelf of the Magellan region extends from the Rio de la Plata to Tierra del Fuego. This region between 38°S and 55°S comprises the Argentine Patagonian shelf and the Falkland/Malvinas plateau. The continental shelf widens to a maximum of about 850 km at 51°S (Piccolo, 1998) . The hydrographic regime is structured by the confluence of the Falkland/Malvinas and Brazil currents. The mean annual winter temperature in the Falkland Current is 10°C and primary production varies between 150 and 500 mg C m -2 day -1 (Longhurst, 1995) . The Brazil Current shows a higher annual mean temperature of 22°C with variations in the primary production between 115 and 830 mg C m -2 day -1 (Boltovskoy, 1999) . In general, the bottom sediments are composed of sand (fine to median size) and silt (< 2 mm; Bastida et al., 1981) . The coarse fraction > 2 mm prevails near the coast (< 50 m depth). In the embayments of Peninsula Valdés, Bahía Blanca and San Matías, this fraction has high percentages of biogenic gravel of mollusc, brachiopod and barnacle shells (Bastida et al., op.cit.) .
Origin of polychaete data
The zoogeographical analysis was based on data from 19 different expeditions, with a total of 445 sampling stations from continental shelf areas of the Magellan region. In total data from 519 stations provided the basis for our analysis. Forty-two of these stations were sampled personally during three expeditions with RVs "Victor Hensen" in 1994 (Arntz and Gorny, 1996) , "Vidal Gormaz" in 1995 (Mutschke et al., 1996 ) and "Polarstern" in 1996 (Fahrbach and Gerdes, 1997 . The origin of the remaining data is summarised in Table 1 .
Data treatment
The total number of polychaete species used for this data base includes all species records with exact geographical positions (latitude-longitude), and at least the presence of 1 individual per finding. The sea surface around the tip of South America was divided into 96 quadrants, each one degree longitude and one degree latitude in size. Quadrants without polychaete findings per station were not considered and quadrants with only one station were homologised with the neighbouring quadrants ( Fig.  1) . The quadrants were enumerated from the Atlantic to the Pacific direction; quadrants 1 to 66 plus quadrant 71 represented the Atlantic sector, quadrants 72-75 represent the Straits of Magellan, and quadrants 67 to 70 plus 76 to 96 represent the Pacific side.
To check whether or not polychaete distribution patterns coincide with the traditional (sub-)divisions of the Magellan region sensu Balech (1954 ), Carreto (1983 , Longhurst (1998) , Lancellotti and Vásquez (2000) and Camus (2001) , analyses of similarities (ANOSIM) and a Multi-Dimensional Scaling (MDS) between groups of quadrants were carried out. ANOSIM and MDS were performed on the basis of 216 species records from 96 quadrants to MAGELLAN POLYCHAETE ZOOGEOGRAPHY 125 evaluate the dissimilarity between our quadrant groups and the traditional divisions. In the next step the similarity percentage breakdown analysis (SIM-PER; Clarke, 1993) describes the contribution of each species to the dissimilarity between the obtained groups of quadrants. All analyses were carried out using the software PRIMER version 5.2.1 (Clarke and Warwick, 1994) with standardised presence/absence data. The following acronyms were used by the authors for the traditional division of the Magellan region:
A: Atlantic, AU: Austral, C: Chubutiano, CAHO: Cape Horn Province sensu Longhurst (1998) Camus, 2001 ). For comparison with the adjacent Subantarctic and Antarctic areas south and temperate areas north, additional acronyms (ANTA = Antarctic, SANT = Subantarctic and HUMB = Humboldt Current region respectively) were introduced according to Longhurst (1998) . Many of the polychaete species used as discriminators for subregions in the Magellan region also occurred in adjacent and other parts of the world ocean. Because of this, each species was categorised according to its distribution range, basing on the fundamental taxonomic studies of Hartman (1959 a, b) and Rozbaczylo (1985) . In addition, the most recent taxonomical reviews for the species distribution of the eunicemorph polychaetes of Orensanz (1990) , and the families Spionidae (Blake, 1983) , Syllidae (Licher, 1999) and Glyceridae (Bögge-mann, 2002) were consulted.
RESULTS
Up to now a total of 431 polychaete species have been recorded for the Magellan region, summarising 124 years of polychaete research in this part of the world. These species were divided into 108 genera and 41 families. The most speciose families were Syllidae, contributing 11% to the total polychaete species, followed by Polynoidae (9%), Terebellidae (8%), Spionidae (6%) and Lumbrinereidae (4%), whereas other families were of minor importance (< 4%, Fig. 2) .
Out of the 431 polychaete species, 104 species were reported without exact catch positions and another 111 species occurred as single findings, i.e. they were not considered for further analysis. The remaining 216 species thus provided the basis for the numerical and statistical analyses. 
Agreement of polychaete distribution patterns with traditional patterns
The results of the ANOSIM analysis summarised in Table 2 show the subdivision of the Magellan region into two significant subregions: one on the Atlantic side (FKLD) and one on the Pacific shelf (CAHO). This result resembles that obtained by Longhurst (1998) on the basis of satellite pictures of phytoplankton in surface waters.
The ANOSIM between CAHO and FKLD data revealed a significant difference between the two subregions (R= 0.4, P < 0.001; Table 2 ). The MDS plot confirmed this (Fig. 3) and showed two distinct quadrant groups on the Pacific and the Atlantic shelves of the tip of South America. Considering these results, SIMPER was performed between the FKLD and CAHO data to identify the main contributor species for the average dissimilarity (average = 94.75) and the possible differences in species composition between these shelves off the tip of South America. In FKLD the main contributor species with highest occurrence were Idanthyrsus macropaleus, Serpula narconensis, Perkensiana antarctica, and Chaetopterus variopedatus, whereas in the CAHO group species such as Glycera capitata, Onuphis pseudoiridescens, Leanira quatrefagesi and Ninoe falklandica were better discriminators between the two subregions (Table 3) .
Distribution patterns of polychaetes in the Magellan region and affinities with the Antarctic
The distribution patterns of the polychaete fauna are shown in Figures 4 a, Seventy-seven species (18%) appeared with disjunctive findings worldwide. Forty-eight species (11%) showed a cosmopolitan distribution. Only rather low percentages of the polychaete species of the present study were restricted to just one of the distinguished subregions: 4% to the Atlantic side and 6% to the southern Pacific side, whereas another 1% occurred exclusively along the Pacific coast of South America north of 42°S. Most of the remaining species (61%) showed an overlapping distribution pattern everywhere along the South American coasts and down to Antarctica. Because of the complexity and a high number of species with overlapping distribution patterns, we divided the remaining species into three arbitrary groups representing the best fit to our abovementioned results (Fig. 4b) .
The biggest of these groups (123 species) showed close affinities to the CAHO area. The species were distributed along the Pacific coast of South America towards high Antarctic waters, and some species even extended their northern distribution limit over 42°S into more temperate regions.
The smallest group (5%) showed closest affinities between the FKLD area on the Atlantic side and waters south of the Antarctic Convergence. Another distinct group of species occurred in Atlantic and Pacific waters around the tip of South America, some of them even extending beyond 42°S latitude northwards.
DISCUSSION
Species numbers and structure of the polychaete fauna in the Magellan region
Based on the 431 species considered in this study, the polychaete fauna was dominated by the families Syllidae, Polynoidae, and Terebellidae. This dominance was described before in the classical polychaete reviews of Orensanz (1974) and Knox and Lowry (1977) on the basis of 397 and 223 species respectively. In our study Spionidae followed as the next important family in the fourth position, whereas Phyllodocidae occupied this rank in the studies of Orensanz (1974) and Knox and Lowry (1977) . The latter sequence also resulted in the biodiversity review of Clarke and Johnston (2003) for the whole Southern Ocean and the study of Rozbaczylo (1985) for the southeastern Pacific coast.
Since the studies of Knox and Lowry and Orensanz in the mid-1970s, 32 new records and 2 new species have been described for the Magellan region (Gambi and Mariani, 1999; Hilbig and Montiel, 2000; Montiel and Hilbig 2004) . This increase may be explained to some extent by new expeditions in the 1980s and 1990s. Many of these species, however, occurred as "single findings" or "disjunctive species", i.e. due to few and scattered records, wide distribution ranges, and/or uncertain taxonomical status they did not have much value for zoogeographical analyses. Therefore our database for the zoogeographical analysis consisted of fewer than the 431 species described for the Magellan region in total. Our results showed 111 species which occurred as single records at the tip of South America. This agrees with the analyses of the macroinvertebrate fauna along the Chilean coast (Lancellotti and Vásquez, 1999 ). These authors also described this area as a zone with a high number of single records of species, which may be a result of insufficient numbers of surveys in this region.
Zoogeographical patterns of the polychaete fauna
Based on the polychaete presence/absence data, the Magellan region can be subdivided into Pacific and Atlantic subregions. A similar pattern results from the satellite plankton discrimination of Longhurst (1998) . Due to the composition of the plankton under the influence of the Humboldt Current system and the Cape Horn Current this area is called Humboldt Province. However, in our analysis species occurring in the Humboldt area were poorly represented, and we therefore propose a different name for this zoogeographic area, the Cape Horn subregion (CAHO).
In the last decade marine zoogeographical studies based on macroinvertebrates from the Pacific coast of South America have been performed exclusively with data from old literature (Fernández et al., 2000, Lancellotti and Vasquez, 1999; Camus, 2001 ). These authors have given strong emphasis to the traditional zoogeographical barriers along the Chilean coastline, as proposed by Viviani (1979) and Brattström and Johanssen (1983) -for example the 42°S barrier between the Magellan region in the south and the adjacent temperate region to the north-and along the Atlantic coastline, as proposed by Balech (1954) . However, this traditional barrier does not exist for many polychaete species, as is obvious from the high percentage of overlapping species with a wide range of distribution and the high number of common species north and south of 42°S. One reason could be an enormous ecological capacity and tolerance of polychaetes to very different environmental conditions, as is typical of organisms of phylogenetically old lineage (Fauchald, 1984) . Another reason may be local oceanographic conditions (see below).
The marine realm is a dynamic system, i.e. fixed borderlines hardly occur. Absolute barriers in aquatic systems are almost impossible, and for many species borders probably act more as filters than as barriers, allowing species exchange in both directions (Dell, 1972; Scheltema, 1988; Hilbig, 1994; Boltovskoy, 1999) . Do our arbitrary groups (Fig. 4) correspond to polychaete distribution patterns and how could these patterns be explained? We distinguished two groups with species showing a high affinity to Antarctic waters and one group that was restricted to South American shelf areas. Within the first two groups one group contained 28.5% of the species, showing affinity between Pacific and Antarctic waters, and a smaller second group (5.3%) showed affinity between Atlantic and Antarctic waters. The processes and mechanisms behind these patterns are controversially discussed in the literature (Orensanz, 1990) . Two different explanations are under discussion: a) common species in both areas (Pacific-Antarctic or Atlantic-Antarctic) occur due to the common history of the areas as parts of Gondwana (vicariance) and b) common species occur due to dispersion of meroplanktonic larvae (dispersalism). We suggest that dispersion of Antarctic species through larval transport via easterly directed currents of the West Wind Drift (WWD) plays an important role in the current distribution patterns of the fauna around the tip of South America. This hypothesis is supported by a higher proportion of species with higher Antarctic affinities to the Pacific coast as compared to the relatively small proportion of species with affinities to the Atlantic side. However, according to Bhaud (1998) the spreading potential of polychaete larvae does not necessarily predict the adult distribution. Key processes for the establishment of a successful population in a new habitat are especially the recruitment conditions and the substrate choice of settling larvae (Bhaud op. cit) . The presence of common species on both sides of the Drake Passage provides strong evidence to argue that dispersion might be an important process for faunal exchange between the Magellan region and Antarctica. The Polar Front does not therefore function as a strict barrier for many species. In fact, several of the dominating polychaete species in the Magellan area as defined by the SIMPER analysis (I. macropaleus, S. narconensis, C. variopedatus, L. quatrefagesi) reproduce via meroplanktonic larvae (Giangrande, 1997) . Another hypothesis includes the adjacent deep-sea areas as possible sources for shelf species. However, potential pathways of recolonisation of shelf communities from the deep sea are still under study and hardly understood. The results of the recent "ANDEEP" and "LAMPOS" expeditions (Fütterer et al., 2003; Arntz and Brey, 2003) might be particularly important to present keystones in the overall Antarctic-Magellan puzzle.
Finally, we suggest that the last group restricted to the tip of South America and occurring exclusively in South American waters with its high number of common species on the Pacific and Atlantic side is the result of the glaciation history of the southern parts of South America. The southeastern Magellan region is a geologically young system (Pisano, 1990) , which was ice-covered during the Last Glacial Maximum some 12,000 years BP (Clapperton et al., 1995; Benn and Clapperton, 2000) . All present polychaete species in Magellan waters recolonised this area from adjacent Atlantic and Pacific areas. Moreover, the Straits of Magellan have been an important corridor for species exchange between both sides since the opening 7,000 year BP (McCulloch and Davies, 2001 ). The oceanography of this area reflects the intrusion of oceanic waters from both sides of the continent and the mixture of these water masses in the Paso Ancho in the middle of the Straits. We suggest that the opening of the Straits of Magellan created a new pathway for enhanced exchange of faunal elements from the Pacific to the Atlantic and vice-versa.
